Abstract. Angiogenesis is crucial for cancer growth and metastasis and inhibition of angiogenesis has been recognized to be a promising strategy for the treatment of cancer.
Introduction
At present, therapies for cancer mainly include surgical treatment and non-surgical therapeutic modalities such as chemotherapy and radiotherapy. Both drug resistance and toxicity limit the efficacy of non-surgical therapies. Therefore, oncologists are seeking new therapeutic approaches. Natural products, including traditional Chinese medicine (TCM), have been used for thousands of years as important remedies for a variety of diseases, including cancer. Due to their relatively fewer side-effects, there has always been an interest in the use of natural products for the treatment of cancer (1) (2) (3) .
According to the theory of TCM, cancer is caused by the accumulation of foreign toxins that are harmful to the human body. For this reason, heat clearing and detoxification herbs (Qingre Jiedu herbs) such as Hedyotis Diffusa Willd (HDW), Sophora flavescens (SF), Psuedobulbus Cremastrae (PC), Prunella Bidens and Ban Zhi Lian (4) (5) (6) are commonly used to treat cancer in China. Pharmacological studies have shown that these herbs may contain ingredients that can inhibit proliferation and induce apoptosis of tumor cells (7) (8) (9) .
Angiogenesis is the formation of new blood capillaries from existing vessels, supplying nutrients and oxygen to and removing waste products from cells that are distant from existing blood vessels (10) . Physiological angiogenesis is involved in wound healing, reproduction and embryonic development (11) . In addition to its normal physiological role, angiogenesis contributes to the pathology of a number of diseases including tumor progression and metastasis (12, 13) . As all cells, cancer cells require a constant supply of nutrients and oxygen in order to grow and divide. Without an adequate blood supply tumors do not grow. The induction of angiogenesis is mediated by a variety of molecules secreted from the cells within the tumor. Vascular endothelial growth factor (VEGF) is one of the most effective biological inducers of angiogenesis. VEGF expression is upregulated by hypoxia (14) and it serves as a major angiogenic factor in vascular development in tumor (15) . VEGF exhibits high affinity binding to vascular endothelial growth factor receptor (VEGFR), two distinct receptor tyrosine kinases (RTK) on endothelial cells. An essential role of VEGF in tumor angiogenesis has been demonstrated in animal models showing that neutralizing VEGF antibodies and dominant-negative VEGFR inhibit both angiogenesis and the progression of tumor (16) . Angiogenesis is also related to metastasis as tumors with higher densities of blood vessels are more likely to spread. Thus, antiangiogenesis therapy is considered to be an important approach that can enhance the efficiency of chemotherapy (17) . Studies have shown that some TCM herbs can inhibit angiogenesis by downregulating VEGF or VEGFR expression. For example, Li et al reported that brucine significantly reduced VEGF expression and microvessel density and inhibited the growth of breast cancer and bone metastasis in a nude mouse model (18) . Shen et al reported that Pien Tze Huang suppressed the expression of VEGF-A and basic fibroblast growth factor (bFGF) at both mRNA and protein levels to inhibit tumor angiogenesis in chick chorioallantoic membrane (CAM) and human umbilical vein endothelial cells (HUVECs) (19) .
Jiedu Xiaozheng Yin, a Chinese herbal formula, inhibits tumor angiogenesis via downregulation of VEGF-A and VEGFR-2 expression in vivo and in vitro
Jiedu Xiaozheng Yin (JXY) is a polyherbal formula of TCM established according to the theory of Chinese medicine. It is composed of HDW (30 g), Prunella (15 g), PC (15 g) and SF (15 g ). These herbs are capable of heat-clearing and detoxification. Our previous clinical studies showed that JXY can prolong the overall survival time of patients and improve their quality of life (20) . We demonstrated that HDW extract may inhibit angiogenesis, induce tumor cell apoptosis by the mitochondrion-dependent pathway (7, 8) and inhibit proliferation of cancer cells by regulating the cell cycle (9) . However, the precise mechanism of its anticancer activity remains to be fully elucidated.
In the present study, we elucidated the underlying mechanism of JXY's inhibitory effect on tumor growth. For this purpose, effects of ethanol extract of Jiedu Xiaozheng Yin (EE-JXY) on tube formation of HUVECs and angiogenesis of a CAM and hepatoma mouse xenograft model were investigated. We also explored the effects of EE-JXY on angiogenesis-related signal pathways. ) . JXY (7.5 kg) was refluxed with 75% ethanol for 2x3 h to obtain total extract. The alcohol was removed under vacuum using a rotary evaporator. The residue was suspended in water, which was partitioned sequentially with petroleum ether, chloroform, ethanol and n-BuOH to afford extracts. Four extracts were evaporated in vacuum and stored at 4˚C prior to use. EE-JXY was diluted in DMSO into 200 mg/ml for in vitro experiments. For in vivo study, EE-JXY was dissolved in normal saline to a final concentration of 6 mg/ml.
Materials and methods

Reagents
Cell culture. HUVECs and the human hepatoma cell line HepG2 were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA). HUVECs and HepG2 cells were grown in RPMI-1640 and DMEM, respectively. Both RPMI-1640 and DMEM were supplemented with 10% (v/v) FBS, 100 U/ml penicillin and 100 µg/ml streptomycin with 5% CO 2 at 37˚C in a humidified environment.
Tumor xenograft. Sixteen male BALB/c nude mice weighing 18-22 g were injected with HepG2 cell suspension at the right flank. After 7 days, mice were randomly divided into two groups, the vehicle and the EE-JXY group. The vehicle group was given normal saline; the EE-JXY group was administered EE-JXY at a dose of 0.06 g/kg. Tumor size was measured daily and volume was calculated according to the following formula: tumor volume (TV; mm 3 ) =d 2 xD/2, where d and D were the shortest and longest diameters, respectively. On Day 21, the tumor was excised and weighed. The animals were maintained in a pathogen-free facility (23±2˚C, 55±5% humidity). Food and water were provided ad libitum. All procedures on treating mice were performed according to Animal Care Guidelines issued by Ministry of Science and Technology of the People's Republic of China and the Animal Care Committee of Fu Jian University of Traditional Chinese Medicine approved our protocols.
Cell viability assay. Cell viability was evaluated by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) colorimetric assay. HUVECs (1x10 4 cells/well) were seeded into 96-well plates. The cells were treated with different concentrations of EE-JXY for different times. At the end of the treatment, 20 µl MTT (5 mg/ml) was added to each well. After 4 h, MTT was discarded and 100 µl dimethyl sulfoxide (DMSO) was added to each well. The absorbance was measured at 490 nm with a microplate reader (Biotek, USA). Cell viability was calculated according to the following formula: cell viability (%) = average absorbance of EE-JXY group/average absorbance of control group x 100%.
Capillary-like tube formation assay. Tube formation by HUVECs was evaluated using a commercially available angiogenesis assay kit (In Vitro Angiogenesis Assay kit, Millipore), according to the manufacturer's instructions. After HUVECs were treated with EE-JXY, cells were harvested and diluted (1x10 4 cells) in 50 µl medium. The cells were then seeded onto a solid gel of basement proteins (ECMatrix gel) within 12-well plates and incubated for 9 h at 37˚C. Cellular morphology and the development of capillary tube networks were evaluated using a phase-contrast inverted microscope. Images were captured at magnification, x100.
VEGF-A and VEGFR-2 ELISA assay. Either HUVECs or
HepG2 cells (2x10 5 cells) were seeded into 6-well plates and treated with various concentrations of EE-JXY for 24 h. Cell supernatant was collected to measure the level of VEGF-A and cell lysates were used to determine the protein expression of VEGFR-2 in HUVECs. Measurement was performed using Quantikine ELISA kits (R&D, USA), according to the manufacturer's instructions.
CAM assay. A CAM assay was performed to determine the in vitro anti-angiogenic activity of EE-JXY. Briefly, 10 µl of EE-JXY (10 mg/ml) was loaded onto a 0.5-cm diameter Whatman filter paper. The filter was then applied to the CAM of a 7-day embryo. Following incubation for 72 h at 37˚C, angiogenesis around the filter was photographed with a digital camera. The number of blood vessels in a circular perimeter surrounding the implants, at a distance of 0.25 cm from the edge of the filter, was counted manually.
Immunohistochemical assay. Tumor samples fixed in 10% buffered formalin for 24 h were processed conventionally for paraffin-embedded tumor sections. Sections were subjected to antigen retrieval and blocking of endogenous peroxidase activity. For immunostaining, sections were incubated with the primary antibodies mouse monoclonal anti-CD31 (R&D Systems), mouse monoclonal anti-VEGFR2 (R&D Systems) and rabbit polyclonal anti-VEGF (R&D Systems). Sections were then incubated with biotinylated appropriate secondary antibody followed by conjugated horseradish peroxidase (HRP)-streptavidin (Maixin Bio, China). Then 3,3'-diaminobenzidine (DAB; Sigma) was added, incubated at room temperature and counterstained with diluted Harris hematoxylin (Sigma). Cells were quantified by counting positive cells and total number of cells at five arbitrarily selected fields from each tumor at magnification, x100. Data are presented as percentage of positive cells. Statistical analysis. All data are the means of three determinations except for the CAM assays in which 10 determinations were made for each data point. The data were analyzed using the SPSS package for Windows (Version 11.5). Statistical analysis of the data was performed with the Student's t-test and analysis of variance. Differences with P<0.05 were considered statistically significant.
VEGF-
Results
EE-JXY inhibits proliferation of HUVECs.
We first evaluated the effect of EE-JXY on the growth of HUVECs. HUVEC viability was determined by MTT assay following treatment with various concentrations of EE-JXY at different time-points. As shown in Fig. 1 , treatment with 0.05-0.25 mg/ml of EE-JXY for 12, 24 and 48 h reduced cell viability by 16-78%, compared to untreated control cells, in a dose-and time-dependent manner (P<0.01; Fig. 1A ).
EE-JXY inhibits tube formation of HUVECs.
To test the effect of EE-JXY on endothelial capillary tube formation, HUVECs were grown on a solid gel containing mouse basement proteins 
Effects of EE-JXY on VEGF-A and VEGFR-2 expression.
We examined the effects of EE-JXY on VEGF-A secretion by HUVECs and HepG2 human hepatoma cells and on the expression of VEGFR-2 in HUVECs. The results of the ELISA assay showed that EE-JXY treatment dose-dependently reduced VEGF-A secretion by both HepG2 cells (P<0.01; Fig. 2A ) and HUVECs (P<0.01; Fig. 2B ). In addition, it suppressed VEGFR-2 expression in HUVECs (P<0.01; Fig. 2C ).
EE-JXY inhibits angiogenesis in CAM.
The anti-angiogenic effect of EE-JXY was further evaluated using a classic CAM model. EE-JXY treatment significantly reduced the total number of blood vessels in the chicken embryos as compared to the untreated control (P<0.01; Fig. 3 ), indicating that EE-JXY is able to suppress angiogenesis in vivo.
EE-JXY inhibits tumor growth in vivo.
After mice were treated with EE-JXY for 20 days, tumor volume was reduced by 39% (P<0.05) in the EE-JXY group compared with the vehicle group (P<0.05; Fig. 4A ). A comparison of tumor weight between the EE-JXY and the vehicle group showed a similar tendency with tumor volume (P<0.05; Fig. 4B ).
Effect of EE-JXY on microvessel density (MVD) of tumor.
We also detected tumor MVD after mice were treated with EE-JXY for 20 days, by immunohistochemical staining assay. The results showed that the MVD of the EE-JXY group was significantly lower than that of the vehicle group (P<0.05) (Fig. 5) .
EE-JXY suppresses VEGF and VEGFR expression.
We detected the expression of VEGF and VEGFR proteins in the tumor tissue with immunohistochemical staining. Immunohistochemistry showed there were more cells posi- tive for VEGF-A and VEGFR-2 in the vehicle group than in the EE-JXY group (P<0.01; Fig. 6A and B) . The results of the RT-PCR assay showed that EE-JXY treatment reduced both VEGF-A mRNA and VEGFR-2 mRNA expression in the tumor (Fig. 6C) .
Discussion
Angiogenesis indicates the growth of new blood vessels from pre-existing vessels. Angiogenesis is a normal and vital process in growth and development, as well as in wound healing and in granulation tissue. However, it is also a fundamental step in the transition of tumors from a dormant to a malignant state. Tumor-associated angiogenesis allows the tumor to maintain its growth and also facilitates metastatic spreading by establishing connections to the existing vasculature (21) . Therefore, targeting tumor vasculature may be as important as targeting the tumor itself. With the advent of drugs targeting the angiogenesis of cancer, patient survival has improved for several malignancies, including metastatic colorectal cancer (22, 23) .
VEGF (including VEGF-A, VEGF-B, VEGF-C and VEGF-D) is a key regulator of physiologic angiogenesis and plays a major role in the pathobiology of cancer. VEGF-A is highly expressed in, and secreted from, various types of human cancer, and is associated with cancer progression, invasion and metastasis as well as poor patient prognosis (24) . The VEGFRs are structurally related members of the RTK family that mediate critical signaling pathways in endothelial cells. Binding to VEGFR-2, VEGF starts a tyrosine kinase signaling cascade that stimulates the production of factors that variously stimulate vessel permeability (eNOS, producing NO), endothelial cell proliferation/survival (bFGF), migration (ICAMs/VCAMs/MMPs) and finally differentiation into mature blood vessels (25, 26) .
Some TCM herbs, including Lithospermum erythrorhizon (27) , Viscum album coloratum (28) , Chrysobalanus icaco (29) , Cassia garrettiana heartwood (30) , Agaricus blazei (31), Pulsatilla koreana (32), HDW and Prunella (9) have been shown to possess anti-angiogenic activity either in vitro or in vivo. HDW and Prunella belong to heat-clearing and detoxification herbs in TCM theory. JXY is composed of four heat-clearing and detoxification herbs including HDW, Prunella, PC and SF. In the present study we found that JXY was able to inhibit tumor angiogenesis by downregulating VEGF-A and VEGFR-2 expression both in vivo and in vitro. EE-JXY decreased viability of HUVECs and their tube formation capacity. Moreover, EE-JXY inhibited angiogenesis in CAM and decreased MVD in the xenograft tumor. The above results demonstrate that JXY inhibited angiogenesis at least by downregulating VEGF-A and VEGFR-2 expression.
Targeted therapies represent a new perspective in the treatment of cancer. In contrast to conventional chemotherapy which kills both cancer cells and normal tissues, targeted drugs aim at cancer cells in a more specific manner (33) . Molecules controlling cell proliferation and death, such as RTKs for growth factors, are among the best targets for this type of therapeutic approach. The era of targeted therapy began with the approval of trastuzumab, a monoclonal antibody against human epidermal growth factor receptor 2 (HER2), for the treatment of metastatic breast cancer, and imatinib, a small tyrosine kinase inhibitor targeting BCR-Abl, in chronic myeloid leukemia (34) . Despite the initial enthusiasm for the efficacy of these treatments, cancer often develops resistance to trastuzumab due to the activation of alternative pathways. Similarly, in a mouse model of pancreatic islet carcinogenesis, inhibition of VEGFR2 markedly disrupted angiogenesis and initial tumor growth. However, in late-stage tumors, phenotypic resistance to VEGFR2 blockade emerged via reactivation of tumor angiogenesis, independent of VEGF, and associated with hypoxia-mediated induction of other proangiogenic factors, including members of the FGF family (35) . In this view, the rationale at the basis of targeting drugs is radically shifting. There is a general agreement that molecules interfering simultaneously with multiple targets might be more effective than single target agents. Sorafenib and unitinib-targeting VEGFR, platelet-derived growth factor receptor (PDGFR), fms-like tyrosine kinase receptor-3 (FLT-3) and c-kit, are among these examples (36, 37) .
Our previous studies demonstrated that JXY inhibits tumor growth by targeting several pathways, such as by promoting apoptosis by the mitochondrial pathway and inhibiting proliferation by the cell cycle pathway (38, 39) . By using molecular docking simulation, Zheng et al showed that some components in HDW, Prunella and PC can combine with Bcl-xL, TNF-α, Cdk2, IL-2 and CDK2 (40) . Thus, our studies indicate that TCM formulas, composed of several herbs and therefore targeting multiple pathways (such as JXY), warrant further investigation.
